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The particle inﬁltration efﬁciencies (PIE) of three passive and one active air samplers were evaluated
under ﬁeld conditions. A wide-range particle spectrometer operating in the 250e4140 nm range was
used to acquire highly temporally resolved particle-number and size distributions for the different
samplers compared to ambient air. Overall, three of the four evaluated samplers were able to acquire a
representative sample of ambient particles with PIEs of 91.5 ± 13.7% for the GAPS Network sampler,
103 ± 15.5% for the Lancaster University sampler, and 89.6 ± 13.4% for a conventional PS-1 high-volume
active air sampler (Hi-Vol). Signiﬁcantly (p ¼ 0.05) lower PIE of 54 ± 8.0% was acquired for the passive
sampler used under the MONET program. These ﬁndings inform the comparability and use of passive and
active samplers for measuring particle-associated priority chemicals in air.
Crown Copyright © 2015 Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Passive air samplers are widely used for studying persistent
organic pollutants (POPs) in air (Bogdal et al., 2013; Harner et al.,
2006; Pozo et al., 2009). The appeal of the samplers is that they
are inexpensive, do not require electricity and are small enough to
be transported and deployed almost anywhere. These samplers
consist of a sampling chamber and a sorbing medium. The most
commonly used passive sampler for studies of POPs is a double-
dome stainless steel shelter housing a polyurethane foam (PUF)
disk (Harner et al., 2004; Jaward et al., 2004; Shoeib and Harner,
2002). The chamber protects the sampler from precipitation, sun-
light and dampens the wind-effect on the sampling rate (Petrichto, ON M3H 5T4, Canada.
evier Ltd. This is an open access aret al., 2013; Thomas et al., 2006; Tuduri et al., 2006). Several
regional- and global-scale air monitoring programs employ the PUF
disk sampler using slightly different chamber conﬁgurations. These
include the Global Atmospheric Passive Sampling (GAPS) Network
(Bogdal et al., 2013; Pozo et al., 2009, 2006), the MOnitoring
NETwork (MONET) operated in Europe and Africa by RECETOX,
Masaryk University (Bohlin et al., 2014; Klanova et al., 2008), and
various regional international studies using the Lancaster Univer-
sity sampler design (LANCS) (Jaward et al., 2004; Li et al., 2011).
Increasingly, data from these programs are being combined into
larger data sets for model application and validation and for risk
assessment and risk management. Therefore, comparability among
the different passive sampler designs and their comparability with
conventional high-volume active air samplers are of key impor-
tance (UNEP, 2011).
While originally targeting mainly gas-phase compounds, PUF
disk passive air samplers are increasingly being applied to assessticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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cyclic aromatic compounds (Harner et al., 2013), polychlorinated
dibenzodioxins and furans (PCDD/Fs) (Cortes et al., 2014) and high
molecular weight, halogenated ﬂame retardants (Bohlin et al.,
2014). A compilation of ﬁeld-based calibration studies of the PUF
disk samplers has shown that sampling rates are typically in the
range 4 ± 2 m3 day1 for both gas- and particle-phase compounds
(Harner et al., 2014). However, discrepancies do exist and there is
some debate regarding particle sampling efﬁciencies of the
different passive sampler designs relative to typical high volume
samplers (Bohlin et al., 2014; Klanova et al., 2008). It has been
speculated that the double-dome sampling chamber may
discriminate against larger particles (relative to an active high-
volume sampler such PS-1), and that the manner in which the
sampler is attached (i.e. ﬁxed vs hanging) may also play a role
(Bohlin et al., 2014; Klanova et al., 2008). Degrendele et al. (2014)
have shown that most of the chemical burden (e.g. PAHs, PCDD/
Fs) of the particle-phase is associated with the smaller particles
(<1 mm) due to their larger total surface area for sorption.
In this work, we evaluate the ability of the different passive and
active air samplers to acquire a representative ambient particle
sample. This was accomplished by using an online particle spec-
trophotometer to measure the number concentration and size
distributions of particles inside and outside of samplers, with high
time resolution. The comparison of measured particle distributions
will provide insight to the comparability of the passive and active
samplers for measurements of particle-associated chemicals in air.
2. Methods
Three passive (GAPS network sampler (GAPS), Lancaster
sampler (LANCS), andMOnitoring NETwork (MONET) sampler) and
one active PS-1 (Hi-Vol) ofﬂine samplers were evaluated at the
Downsview ﬁeld site (43.780, 79.468) located in the north part
of the city of Toronto, Ontario, Canada, during November of 2014
(Fig. S1). The three passive samplers were installed onto a chain-
linked fence ~1.5 m above ground, which is their standard sam-
pling conﬁguration (Fig. 1; see also Figs. S2 and S3). PUF disks were
removed from the samplers to facilitate the characterization of the
chambers, installation of the particle spectrometer sample inlet,
and to prevent measurement bias from deposition of particles on
PUF ﬁlters located inside of sampling domes just above theFig. 1. Schematic (a) and photo (b) of the experimental set-up used to evaluate the ability of
a representative ambient particle-phase sample (schematic not to scale). The example of a s
evaluation of three other samplers.spectrometer sampling inlet (see below). One new hole was drilled
in the middle of the bottom plate of each sampler to accommodate
installation of a 2 inch long (0.25 inch OD) stainless steel tube
through which the sampled air was extracted. Although all of the
samplers contained several holes on the bottom plate, the new
holes were drilled to ensure sampling from the middle of the
sampler interior, where ﬁlters are located (when installed). The Hi-
Vol sampler was placed onto a cart ~1 m above ground to provide
sampling height similar to those of the three passive samplers (see
Fig. S3). An existing hole on the side of the Hi-Vol was used to install
sampling tubing to the interior ~6 inch from the sampling head that
is located in the middle of the Hi-Vol's sampling compartment. The
Hi-Vol pump was turned on during the experiment, with a glass
ﬁber ﬁlter installed in the sampling head generating a sampling
rate of ~250 L min1. This is in the typical operating range for PS-1
samplers. The Miniature Wide Range Aerosol Spectrometer (Mini-
WRAS, Model 1.371, Grimm Aerosol Technik GmbH & CO, Ainring,
Germany) was installed on a cart and placed directly below the
three passive samplers and next to the Hi-Vol during sampling to
minimize the length of sampling lines and potential particle losses
from collisions with tubing walls. The inlet of the Mini-WRAS was
connected to a Y-shaped ﬁtting whose ends were each connected to
a stainless steel ball valve. One of the valves was further connected
to a stainless steel tee, from which connections were made to a
HEPA ﬁlter (MODEL # 12144, Pall Life Sciences Corp., Port Wash-
ington, NY, USA) and the inside of a sampler. Similarly, the second
valve was connected to a HEPA ﬁlter and the tubing leading to the
area just outside of a sampler (generally < 12 inches away). Bypass
HEPA ﬁlters were installed to split the total ﬂow to the Mini-WRAS
(~1.2 L min1) and reduce the sampling ﬂow rate from a passive
sampler to ~0.5 L min1 thus minimizing the impact on the
“passivity” of the evaluated samplers. A compilation of ﬁeld-based
calibration studies of the passive samplers has shown that sam-
pling rates for the PUF disk substrate are typically in the range
4 ± 2 m3 day1 (Harner et al., 2014). However, actual airﬂow rates
through the chamber itself are more than an order of magnitude
greater based on the previous assessments of inside versus outside
wind speeds (Tuduri et al., 2006). Hence, the additional ﬂow of
0.72 m3 day1 due to Mini-WRAS sampling is expected to have a
negligible impact on the particle inﬁltration efﬁciencies of the
samplers. The HEPA ﬁlters were also used during the study for
periodic “blank” measurements by the Mini-WRAS. The instrumentthe different passive (GAPS, LANCS, MONET) and active air samplers (Hi-Vol) to acquire
et-up used during the GAPS evaluation is shown, and s similar set-up was used for the
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prior to the study.
All tubing used in the experimental setup was made of stainless
steel or conductive silicone to prevent particle losses from buildup
of electrical charge during airﬂow. Particle number concentrations
and size distributions, for particles with optical diameters in the
250 nme4140 nm range, were acquired with the Mini-WRAS by
alternating the sampling between channel 1(CH1, inside of a
sampler) and channel 2 (CH2, outside of a sampler/in ambient at-
mosphere) by switching the two ball valves every 4 min. An airﬂow
calibrator (Gilibrator-2, Sensidyne LP, St. Petersburg, FL, USA) was
used to measure the ﬂows through both HEPA ﬁlters and each of
the sampling lines leading to the inside and outside of a sampler.
Themeasured ﬂowswere then used to correct the acquired number
concentrations by accounting for the sample dilution caused by the
use of the HEPA ﬁlters. Since the Mini-WRAS has a 1 min time
resolution, the ﬁrst measurement after each valve switch was
removed (to eliminate sample transition biases) and the remaining
three measurements were averaged. The number of acquired
samples (N), each represented by the three measurement averages,
inside and outside of each passive sampler, is given in Table 1. The
agreement between the two data sets (from CH1 and CH2) for each
sampler was evaluated using standard statistical parameters pre-
sented in Table 1. In this work, the particle inﬁltration efﬁciency
(PIE) is deﬁned as PIE¼NMB þ 100%, where NMB is normalized
mean bias between particle number concentrations (measured
across 17 size bins in 250e4140 nm optical size range) range in
ambient atmosphere and inside of each sampler undergoing eval-
uation. The overall uncertainty in the experimental method was
calculated from uncertainties in airﬂow through the HEPA ﬁlter
(~10% each), uncertainty in airﬂow through the Mini-WRAS (5%),
and spectrophotometer reproducibility (~3%) and found to be ~15%.
Supporting measurements of ambient wind speed, wind direc-
tion, and temperature were acquired with a 3D sonic anemometer
(Model CSAT 3, Campbell Scientiﬁc Inc., Logan, Utah, USA). TheTable 1
Statistical evaluation of the agreement between particle number distributions
measured inside an ofﬂine sampler and in the ambient air (outside a sampler).
Particle number concentrations for 250, 290, 350, 410, 490, 580, 680, 800, 940, 1110,
1550, 1820, 2150, 2530, 2980, 3520, and 4140 nm optical size bins (17 in total) were
evaluated. N¼ number of samples, MS¼mean value inside of a sampler, MA¼mean
value in the ambient air, MB ¼ mean bias, ME ¼ mean error, NMB ¼ normalized
mean bias, NME ¼ normalized mean error, RMSE ¼ root mean square error,
R2 ¼ Pearson correlation coefﬁcient, and m ¼ slope of the correlation plot (IN vs
OUT). The R2 and mwere calculated for each sampler by comparing the averages of
each of the 17 size bin measurements. PIE ¼ particle inﬁltration efﬁciency
(NMB þ 100%). The most commonly discussed statistical parameters are shown in
bold.
Hi-Vol GAPS LANCS MONET
N 15 30 16 34
MS (counts L1) 1.33  103 1.28  103 2.35  103 1.39  104
MA (counts L1) 1.49  103 1.39  103 2.28  103 2.60  104
MB (counts L1) 1.55  102 1.19  102 6.59  101 1.21  104
ME (counts L1) 1.55  102 1.23  102 6.70  101 1.21  104
NMB (%) 10.4 8.54 2.88 46.4
NME (%) 10.4 8.84 2.93 46.4
RMSE (counts L1) 3.90  102 3.98  102 8.22  101 3.06  104
R2 0.999 0.999 0.999 0.999
m 0.90 0.89 1.0 0.54
PIE (%) 89.6 ± 13.4 91.5 ± 13.7 103 ± 15.5 53.6 ± 8.04
Si ¼measured in a sampler MB¼
1
N
*
XN
i¼1
ðSiAiÞ ME¼
1
N
*
XN
i¼1
jSiAij
Ai ¼ ambient measured NMB¼
PN
i¼1ðSiAiÞPN
i¼1 Ai
*100% NME¼
PN
i¼1jSiAijPN
i¼1 Ai
*100%
RMSE¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃPN
i¼1 ðSiAiÞ2
N
s
.instrument was co-located with the Mini-WRAS at ~1.25 m above
ground (Fig. 1). The data were originally acquired with temporal
resolution of 10 Hz and averaged to 1 min. One-minute averages
were further averaged to the duration of each study and reported in
Table S1.
3. Results and discussion
During the study, the measured particle number concentrations
varied over 5 orders of magnitude and decreased exponentially
with an increase in optical diameter as expected (Seinfeld and
Pandis, 1996) (Fig. 2). The agreement between the particle num-
ber concentrations and size distributions measured inside and
outside of the samplers was generally better for smaller
(<2500 nm) particles except in the case of the MONET sampler
where it was comparably poor for both ﬁne and coarse particles.
This could be a consequence of sampler design, or due to poor
statistics (low abundance) for particles with larger (>2500 nm)
diameters. The sampled number concentrations varied between
the four ofﬂine samplers because they were evaluated on three
different days (Nov. 5, 7, and 12) with different wind conditions.
During all four studies, the wind direction was from the west-
northwest, but wind speeds varied between 1.1 and 3.8 m s1
(Table S1). The particle population in air masses sampled during the
study changed with time on the time scales that would not affect
the measurement set-up and in particular the alternating nature of
sampling (Fig. S4). A clear differencewas observed between particle
number concentrations measured inside and outside ofﬂine sam-
plers over a sampling period of several hours.
The PS-1 Hi-Vol active air sampler performance evaluation
produced a low normalized mean error (NME) of 10.4% (Table 1),
suggesting that the sampler acquired representative ambient par-
ticle samples across all measured optical sizes that were within the
experimental method uncertainty of ~15%. The particle number
concentrations and size distributions measured inside of the Hi-Vol
sampler, and in the ambient air (outside Hi-Vol) were highly
correlated as indicated by the Pearson correlation coefﬁcient of
R2 ¼ 0.999. The linear regression analysis on the correlation plot ofFig. 2. Number size distribution of particles in the 250e4140 nm optical diameter
range (in 17 size bins) inside and outside of the four commonly used ofﬂine samplers.
The y-axis represents the number of particles measured per 1 L of sampled air on a
logarithmic scale. The x-axis represents the averages of the optical size bins of
measured particles on a logarithmic scale. The results for passive air samplers used by
the GAPS Network (GAPS), Lancaster University (LANCS), and the Monitoring NETwork
(MONET) program, and a conventional PS-1 high-volume (Hi-Vol) active air sampler
are illustrated in blue, orange, red, and green respectively. The dashed lines represent
the ambient particles measured outside and solid lines represent the ambient particles
measured inside of the four ofﬂine samplers. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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inside and outside of the sampler yielded a slope of m ¼ 0.90. The
particle inﬁltration efﬁciency for the Hi-Vol sample was calculated
to be 89.6 ± 13.4%.
For the GAPS passive sampler, the statistical evaluation of the
data sets acquired inside and outside of the sampler led to a low
NME of 8.84%. Such a low NME suggests that the GAPS sampler
acquired number concentrations and size distributions of particles
representative of the ambient levels. The Pearson correlation co-
efﬁcient was R2 ¼ 0.999, suggesting that the correlation between
the particle number concentrations and size distributions
measured inside of the GAPS sampler and in the ambient air was
high. The linear regression analysis produced a slope of 0.89, and
the particle inﬁltration efﬁciency was calculated to be
PIE ¼ 91.5 ± 13.7%.
The NME for the LANCS sampler was also within the uncertainty
of the experimental method, at 2.93%. The positive NMB of 2.88%
suggested that across all measured optical diameters, the number
concentrations of particles were higher inside of the LANCS
sampler by 2.88% relative to the ambient levels as shown in Fig. 2.
This trend appeared to be mostly driven by particles of larger sizes
(>500 nm). The increased deposition of larger particles was pre-
viously observed at higher wind speeds due to the increase in
turbulence from the interaction of wind with passive sampler
housing (Ott and Peters, 2008; Wagner and Leith, 2001). Although
increased turbulence could have contributed to the observed
LANCS results due to high average wind speed of 3.8 ± 0.6 m s1
(Table S1), we believe that the discrepancy in particle number
concentrations observed in this study for larger particles was more
likely to be driven by the method biases and low number of large
particles available for the statistical evaluation. The Pearson cor-
relation coefﬁcient was high at R2 ¼ 0.999, suggesting that the
particle number concentrations and size distributions sampled by
the LANCS passive sampler were highly correlated to the ambient
values. The linear regression analysis slope from the correlation
plot was calculated to be m ¼ 1.0, and the particle inﬁltration ef-
ﬁciency was calculated to be 103 ± 15.5%.
The MONET sampler exhibited reduced particle inﬁltration
compared to the GAPS and LANCS samplers with the NME of 46.4%.
Consequently, the low particle inﬁltration efﬁciency of
PIE ¼ 53.6 ± 8.04% suggested that only about one half of the
number of ambient particles in the 250e4140 nm optical size range
were successfully transported inside of the sampler dome. The high
Pearson correlation coefﬁcient of R2 ¼ 0.999 suggested that the
particle number distributions inside and outside of the MONET
sampler were highly correlated. Hence, the MONET sampler design
may be the reason behind such low inﬁltration across all particle
sizes.
This claim is further supported by the horizontal wind speed
measured during the MONET sampler evaluation. The wind speed
was 2.2 times higher than during the GAPS evaluation and 1.6 times
lower than during the LANCS evaluation, when the particle number
and size distribution measured inside the GAPS and LANCS sampler
domes was highly representative of the ambient particle popula-
tion. Although it can affect the performance of a passive air sampler,
the wind speed range observed during the studies was not sufﬁ-
cient to explain the inability of the MONET sampler to acquire a
representative particle samples for all sampled size bins from
ambient air.
It is important to distinguish PIEs that we have assessed for the
various passive sampling chamber designs and the PS-1 sampler
housing with ‘particle sampling’ that involves the deposition of
particles onto the PUF disk substrate (or ﬁltration on the glass ﬁber
ﬁlter in the case of the PS-1 sampler). In this study, the particle
number and size distributions for the passive sampling chamberswere carried out with the PUF disks removed. This was done
intentionally to minimize additional variables that would have
been introduced by the different PUF disk types, dimensions and
their orientation/position within each chamber. So the PIE deter-
mined here represents the ﬁrst and critical step of ‘particle sam-
pling’, namely the introduction of particles into the sampling
chambers.
In summary, the results of the evaluation of the four common
ofﬂine air samplers indicate that the Hi-Vol, GAPS and LANCS
samplers are capable of acquiring a representative air sample for
ambient particles in the 250e4140 nm size range within the un-
certainty of our experimental method of ~ 15%, with the calculated
PIEs of 89.6 ± 13.4%, 91.5 ± 13.7%, and 103 ± 15.5%, respectively.
Such high and comparable PIEs conﬁrm the application of these
samplers for studies of particle-associated chemicals. The particle
inﬁltration efﬁciency of the MONET passive sampler was deter-
mined to be low (PIE¼ 53.6 ± 8.04%) compared to the other passive
samplers. The low PIE for the MONET sampler may be due to the
large interior volume of the sampling chamber relative to its air
exchange capacity (Fig. S2). Further research is needed to better
understand the sampler characteristics that determine PIE and its
variability under different meteorological conditions.
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